Secretory immunoglobulin A (S-IgA) is recognized as the major antibody class in mammals. Approximately 3 g of S-IgA is secreted into the human intestine within a day.
1) S-IgA is thought to play an important role in the protection of mucosal surfaces against bacterial, parasitic, and viral pathogens by immune exclusion. [2] [3] [4] Neutralization of toxins is also a potent protective role of S-IgA. 5) Although such protective functions of S-IgA against pathogenic microorganisms have been well studied, the interaction between S-IgA and commensal intestinal bacteria remains unclear.
Van der Waaij et al. 6) first reported S-IgA coating of commensal intestinal bacteria, an interesting immunological phenomenon. In their study, approximately 45% of fecal bacteria were coated with S-IgA in healthy humans. Subsequently, Waaij et al. 7) reported that the SIgA coating ratio (the ratio of S-IgA-coated bacteria to total bacteria) was higher in inflammatory bowel disease patients, and Nadal et al. 8) indicated that the S-IgA coating ratio decreased in the feces of human volunteers who lost more than 6 kg of body weight after lifestyle intervention. In a previous study, we obtained additional information about S-IgA coating of commensal bacteria, e.g., the distribution of S-IgA-coated bacteria in the gastrointestinal tract and the amount of S-IgA used to coat commensal bacteria. 9) Although the immunological role of S-IgA coating of commensal intestinal bacteria was not elucidated, our study suggested the possibility that S-IgA coating of commensal bacteria is not a random immunological phenomenon, but occurs in bacterial genus and species in a specific manner.
Identification of S-IgA-coated bacterial genus and species would certainly be important in order to determine the function of S-IgA coating of commensal bacteria, but it is unknown which genus and species of commensal intestinal bacteria are coated with S-IgA, because a method of identifying the genus and species of S-IgA-coated bacteria has not been fully established.
The first approach to identify the genus of S-IgAcoated commensal bacteria was taken by Waaij et al. 10) Their attempt was to include a 16S ribosomal RNA (rRNA) targeted fluorescent in situ hybridization (FISH) analysis in the ordinal flow cytometer-based detection of S-IgA-coated bacteria. However, they found that the FISH procedure included prior to S-IgA staining appeared to cause a critical detachment of S-IgA from S-IgA-coated bacteria, resulting in a nearly 20% reduction of the S-IgA coating ratio. This detachment of S-IgA should deeply be concerned in evaluating S-IgA-coated bacterial composition by this method, because there is a possibility that the remaining S-IgAcoated bacteria after the FISH procedure do not reflect the original S-IgA-coated bacterial composition. Although long-time hybridization at high temperatures and the use of formamide during the FISH procedure might be the reason for this critical loss of S-IgA coating in the samples, the principle of the S-IgA detachment by FISH procedure is hardly predicted.
In this study, first we aimed to develop a method that allows identification of the genus and species of S-IgAcoated bacteria. In order to resolve the problem in the above-mentioned method, we attempted chromogenic detection of S-IgA on glass slides prior to FISH analysis, y To whom correspondence should be addressed. Tel/Fax: +81-75-703-5134; E-mail: R-INOUE@kpu.ac.jp instead of fluorescence detection with a flow cytometer followed by FISH analysis. Because the precipitate formed in a diamino-benzidine (DAB) chromogenic reaction is insoluble, it was expected to remain around the S-IgA-coated bacteria even if S-IgA itself were detached from the S-IgA-coated bacteria after the stringent reaction of the FISH procedure. We evaluated the genus and species of S-IgA-coated bacteria in normal healthy human and mouse feces by this newly developed method to assess its practicality further.
Materials and Methods
Human volunteers and animals. Five human volunteers aged 25-30 years were recruited, and written informed consent was obtained from each of them. They were required to meet the following criteria: no previous history of gut disorders and no consumption of antimicrobials, probiotics, or prebiotics for at least 1 month prior to the study. Female C57BL/6 mice aged 9 weeks were purchased from two suppliers, A and B (their names are withheld in view of the possible effect of this study on them) (n ¼ 5 each). The mice were fed a standard pellet chow (CE-2; Nihon Clea, Tokyo) ad libitum and had free access to water at all times. They were allowed to acclimatize for 7 d before collection of the feces. They were maintained in accordance with the Hokkaido University guidelines for care and use of laboratory animals.
Collection of feces and sample preparation. Human and mouse feces were collected in sterilized tubes and frozen within 30 min of defecation, and were stored at À80 C until use. The fecal samples were diluted 10-fold with filtered phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ; pH 7.4), and homogenized with a micro homogenizer (23M; ISO, Kanagawa) for 5 min. The suspensions were centrifuged at 100 Â g for 20 min to separate larger particles from the bacteria. The supernatant was centrifuged at 9;000 Â g for 10 min to generate the bacterial pellet. The bacterial pellet was resuspended in 1 ml of filtered PBS and washed by vortex mixing for 30 s. After centrifugation (9;000 Â g for 10 min), the supernatant was removed and the washing step was repeated. After washing, the pellet was fixed with 4% paraformaldehyde overnight at 4 C. It was then centrifuged at 9;000 Â g for 10 min, and the pellet was washed twice with 1 ml of filtered PBS by centrifugation at 9;000 Â g for 10 min. After removal of the supernatant, the pellet was resuspended with ethanol-PBS (1:1, v/v) and stored at À20
C.
Immunostaining of S-IgA-coated bacteria. Twenty ml of an adequate dilution of the above-mentioned fecal suspension was applied to each well of a silane-coated 10-well glass slide (Matsunami Glass, Osaka), and dried in a draft chamber. After washing with PBS, the glass slide was incubated with species-matched anti-IgA antibody (rabbit antihuman IgA, 1:100; Dako, Kyoto, or rabbit anti-mouse IgA, 1:100; Rockland, Gilbertsville, PA) or Isotype control antibody (1:100; Dako) in PBS containing 1% bovine serum albumin (BSA). After 1 h of incubation at room temperature, the glass slide was washed 3 times with PBS for 5 min and incubated with HRP-conjugated goat antirabbit immunoglobulin (1:100; Dako) in PBS containing 1% BSA for 1 h at room temperature. After washing 3 times with PBS, the glass slide was developed in 0.01 M Tris buffer (pH 7.2), containing a DAB tablet (Wako, Osaka) and 0.0001% H 2 O 2 (wt vol À1 , Wako) for 5, 15, or 30 min. The glass slide was washed with distilled water to stop the reaction.
FISH analysis. The FISH procedures were based on those described by Harmsen et al.
11) The universal bacterial and 10 group-specific 16S rRNA-based N,N 0 -(dipropyl)-tetramethylindocarbocyanine (Cy3)-labelled oligonucleotide probes were used to classify dominant fecal commensal bacteria.
12) The NON338 oligonucleotide probe was used as a negative control probe. The probe sequence and hybridization conditions used in this study are shown in Table 1 . Validation of probe specificity and assessment of the influence of the immunostaining procedure on probe reactivity were conducted by utilizing nine commercially available bacterial strains ( Table 1) . The glass slide, processed as described above, was dehydrated with 99.5% ethanol and air-dried. Ten ml of hybridization solution (750 mM NaCl, Wako, 100 mM Tris-HCl, Sigma Japan, Tokyo, 5 mM EDTA, Nakalai Tesque, Kyoto, 0.01% Bovine serum albumin wt vol À1 , Nakalai Tesque, and 10% Dextran sulfate, wt vol À1 , Sigma Japan) containing 5 ng ml À1 Cy3-labelled oligonucleotide probe was applied to each well of the glass slide. A coverslip was placed on the glass slide to ensure even coverage with hybridization buffer. The glass slide was subsequently incubated in a precision incubator with a humidity chamber at various temperatures, depending on the probe (Table 1) . When the glass slide was hybridized with LAB158, RFLA729 or RBRO730, lysozyme treatment and formamide addition were done under the conditions described in Table 1 . After hybridization, the glass slide was soaked in a washing buffer (180 mM NaCl, 20 mM Tris-HCl, 5 mM EDTA, 0.01% Sodium dodecyl sulfate, wt vol À1 ; Wako) for 20 min at 45 C, rinsed with Milli-Q water, and rapidly air-dried. After staining with diamidino-2-phenylindole (DAPI), the glass slide was covered with 5 ml well À1 of Vectashield (Vector Laboratories, Burlington, CA) to prevent fading of fluorescence. The glass slide preparations were observed under a fluorescent microscope (IX81: Olympus, Tokyo). All images were collected using a DP71 digital camera (Olympus) attached to the IX81.
Microscopic image analysis. Microscopic image analysis was conducted basically by referring to Takada et al. 13) At least 10 random microscopic fields containing about 100 to 500 DAPI-positive bacterial cells were collected from each well of the slides, and the collected images were analyzed by utilizing Metamorph image analysis software (Molecular Devices, Tokyo). Bright-field images were captured to observe the brown-colored reaction of DAB chromogen, and fluorescent images in the same field were also captured to observe the Cy3 and DAPI signals. Threshold values were defined using glass slides stained with isotype control antibody and NON338 probe as negative controls for DAB and Cy3 staining respectively. The numbers of whole bacterial cells (Cy3-positive cell) and S-IgA-coated bacteria (Cy3 and DAB double-positive cells) detected by each probe were counted visually. Counting for Cy3 and DAB double-positive cells was done by comparison between the bright field image and the fluorescence image on the same microscopic field. The total bacterial cell count was done on the merged EUB338 image and DAPI image, because EUB338 sometimes failed to detect the bacteria, due to mismatchs of the sequence.
14,15) All bacterial counting was done by one investigator.
Statistical analysis. Statistical analyses were performed using Statcel, 16) an add-on application for Microsoft Excel (Microsoft, Redmond, WA). The data on whole bacterial numbers, S-IgA-coated bacterial numbers, and the S-IgA coating ratio (the ratio of the S-IgAcoated population to the whole population) in each bacterial group were expressed as mean AE standard deviation (SD). All data on humans and mice from suppliers A and B were analyzed by one-way analysis of variance (ANOVA), followed by Bonferroni's multiple comparison test, to determine the differences among bacterial groups. Differences among means were considered to be significant at p < 0:05.
Results
Reliability of the method developed S-IgA-coated bacteria present in human and mouse feces were detected by the formation of an insoluble DAB precipitate around the cell surfaces of S-IgAcoated bacteria. Bacterial cells with DAB precipitate were discriminated from DAB-negative bacterial cells (Fig. 1A) . The DAB signal was not detected on the negative control slide immunostained with isotype control antibody (Fig. 1B) . Thus the potential for nonspecific binding of the anti-IgA chain antibody was eliminated.
No significant influence of the FISH procedure on the S-IgA coating ratio was found, at least in the evaluation using the mouse fecal samples from the supplier A, although a slight decrease in the S-IgA coating ratio was observed after the FISH procedure (e.g., 9:91 AE 1:79% to 8:64 AE 0:56% after hybridization with the EUB338 probe, p ¼ 0:23). In addition, neither non-specific reaction nor loss of specificity was caused in any probe used according to the immunostaining procedure (data not shown). However, a longer incubation time, over 5 min for the DAB chromogenic reaction, resulted in non-specific binding of the NON338 probe at the hybridization step (data not shown), whereas it did not raise the S-IgA coating ratio (5 min: 9:24 AE 0:24%, 15 min: 8:36 AE 0:41%, 30 min: 6:21 AE 0:35%).
Evaluation of the bacterial composition of the S-IgAcoated bacteria in the mouse and human feces Mouse In the mice from supplier A, the number of S-IgAcoated bacteria was significantly higher in Enterobacteriaceae than in clostridial clusters XIVa and XIVb, the Atopobium cluster, R. flavifaciens, R. bromii (not detected), Bacteroides/Prevotella, and Lactobacillus/ Enterococcus groups (p < 0:05), whereas the whole number of Enterobacteriaceae was not significantly higher than for these bacterial groups ( Fig. 2A , Table 2 ). The S-IgA coating ratio in the mice from supplier A was also significantly higher in Enterobacteriaceae (29:45 AE 6:81%) than in the other bacterial groups (p < 0:05) (Fig. 2A, Table 2 ).
The mice from supplier B showed a higher S-IgA coating ratio than the mice from supplier A in most of the bacterial groups evaluated. However, similarly to the mice from supplier A, the number of S-IgA-coated bacteria in Enterobacteriaceae was significantly higher than in the other bacterial groups, except for F. prausnitzii in the mice from supplier B (p < 0:05, Table 2 ). The whole number of Enterobacteriaceae was not significantly higher than in the other bacterial groups, similarly to the mice from supplier A. Moreover, the S-IgA coating ratio was also significantly higher in Enterobacteriaceae (71:43 AE 6:06%) than in the other bacterial groups (p < 0:05, Table 2 ).
On the other hand, there were some bacterial groups that appeared to be poorly coated with S-IgA. In the mice from supplier B, although the whole bacterial number was not significantly different, the S-IgA coating ratio in the Bacteroides/Prevotella (3:95 AE 1:65%) and Lactobacillus/Enterococcus groups (0%) was significantly lower than those in Enterobacteriaceae (71:43 AE 6:06%) and F. prausnitzii (33:28 AE 5:93%) (p < 0:05) (Fig. 2B, Table 2 ). The mice from supplier A also showed the same tendency, low S-IgA coating ratios in Bacteroides/Prevotella (2:56 AE 0:77%) and Lactobacillus/Enterococcus groups (3:58 AE 2:11%), although the difference was not significant.
Humans Although there was no significant difference in the S-IgA coating ratio among the bacterial groups (p ¼ 0:07), a similar tendency in the mice feces was found in human feces. Enterobacteriaceae was coated with S-IgA at a high rate (22:56 AE 3:25%), while the S-IgA coating ratios in Bacteroides/Prevotella (7:43 AE 3:59%) and Lactobacillus/Enterococcus groups (1:43 AE 1:43%) were low (Table 3) . Unlike the mice, the S-IgA coating ratio in the clostridial cluster IX (25:04 AE 4:39%) was high, and that in Bifidobacterium (5:8 AE 1:78%) was low in the human feces.
Discussion
Information on the S-IgA coating of commensal intestinal bacteria is currently limited to the ratio of S-IgA-coated bacteria present in the feces or intestinal contents, and thus it was of interest to determine which bacterial genus or species were coated with S-IgA. In this study, we developed a method combining DABimmunohistochemical detection of S-IgA-coated bacteria and 16S rRNA-targeted FISH analysis to identify the bacterial composition of S-IgA-coated bacteria.
The previous method, combining FISH analysis and fluorescence detection of S-IgA-coated bacteria, had a crucial problem, viz., detachment of S-IgA from the S-IgA-coated bacteria during the FISH procedure. In our evaluation, an approximately 20% reduction (from 26:6 AE 6:5 to 6:1 AE 0:8%, p < 0:01) in the S-IgA coating ratio was caused in the human fecal samples by this previous method. In contrast, our newly developed method does not have this problem, because DAB precipitation remained around the S-IgA-coated bacteria even after the FISH procedure. The S-IgAcoated bacteria detected by DAB chromogenic reaction were easily distinguished from the non-coated bacteria. In addition, the bacterial genus or species of the S-IgAcoated bacteria were successfully determined by FISH analysis without interference of the immunostaining procedure. In this study, 10 probes for various bacterial groups were used to evaluate the compositions of human and mouse fecal S-IgA-coated bacteria. Many speciesspecific probes have been reported, 17, 18) and thus this method can be used with those various species specific probes, as well.
However, some points should be mentioned in regard to this method. The S-IgA coating ratio as analyzed by the method developed was 9:32 AE 4:18% in humans (Table 3) . Although this value is higher than that analyzed by the previous FISH-combined flow cytometry (6:1 AE 0:8%), it is lower than that calculated by ordinal flow cytometer-based analysis (28:79 AE 6:78%). A similar tendency was seen in the mouse samples. 9) This lower S-IgA coating ratio provided by our method was obviously not due to the FISH procedure, because significant detachment of S-IgA was not observed after the FISH procedure in case of our method. This may be due simply to the sensitivity of the immunostaining. It is generally accepted that flow cytometry is more sensitive than immunostaining with DAB chromogenic detection. Thus the method developed in this study might target approximately 30 to 50% of S-IgA-coated bacteria that are coated with higher amounts of S-IgA (strongly S-IgA-coated bacteria).
Although this method unfortunately focuses on analysis of strongly S-IgA-coated bacteria, analysis of fecal S-IgA-coated bacteria by this method revealed bacterial group-dependent S-IgA coating in humans and mice. The S-IgA coating ratio of Enterobacteriaceae was notably higher than that of any other bacterial group evaluated, whereas the Bacteroides/Prevotella and Lactobacillus/ Enterococcus groups tended to be coated with S-IgA at much lower rates. It has been reported that mice lacking mucosal IgA transport developed a systemic immune response against intestinal E. coli, a bacterial genus belonging to Enterobacteriaceae, but not against Lactobacilli. 19) This indicates that intestinal E. coli but not Lactobacilli is a candidate that triggers an undue immune response in the absence of mucosal S-IgA. Indeed, E. coli (non-pathogenic) tended to induce more inflammatory cytokines than Lactobacilli from intestinal epithelial cells in vitro. 20) Selective S-IgA coating of commensal bacteria possibly contributes to suppression of a redundant immune reaction against such nonpathogenic but potentially inflammation-inducible commensal bacteria. However, the exact reasons for and implications of selective S-IgA coating of commensal bacteria was unclear in this study. Further studies are required.
While the bacterial group-dependent S-IgA coating was observed in all the samples, the S-IgA coating ratio of the bacterial groups were different as between the mouse suppliers, and between mice and humans. This implies that S-IgA discriminates commensal bacteria more specifically than the specificity of the FISH probe used in this study. It has been reported that bacterial species and strains are different among mouse suppliers 21) and between animal species. 22, 23) Thus the possession of the bacteria that are preferentially coated by S-IgA may have been different within the bacterial groups classified by the 10 FISH probes as between mouse suppliers and as between humans and mice. This should obviously be confirmed in the future study using species-or strain-specific FISH probes.
In conclusion, the method established in this study enabled us to combine FISH analysis with the detection of S-IgA-coated bacteria, although the sensitivity of S-IgA-coated bacterial detection appeared to be lower than that of ordinal flow-cytometric analysis (without FISH). Furthermore, this method can be applied to the evaluation of the bacterial genus of S-IgA-coated bacteria in healthy human and mouse feces. It has been reported that the S-IgA coating ratio in human feces shifts with changes in physiological state, as mentioned in the introduction. The method established in this study should be useful to identify bacterial genus and species whose S-IgA coating ratio alters with changes in physiological status.
